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The thyrotropin (TSH) receptor (TSHR) is a member of the hetero- 
trimeric G protein-coupled family of receptors whose main function 
is to regulate thyroid cell proliferation as well as thyroid hormone 
synthesis and release. In this study, we generated a TSHR knockout 
(TSHR-KO) mouse by homologous recombination for use as a model 
to study TSHR function. TSHR-KO mice presented with developmental 
and growth delays and were profoundly hypothyroid, with no de- 
tectable thyroid hormone and elevated TSH. Heterozygotes were 
apparently unaffected. Knockout mice died within 1 week of weaning 
unless fed a diet supplemented with thyroid powder. Mature mice 
were fertile on the thyroid-supplemented diet. Thyroid glands of 
TSHR-KO mice produced uniodinated thyroglobulin, but the ability to 
concentrate and organify iodide could be restored to TSHR-KO thy- 
roids when cultured in the presence of the adenylate cyclase agonist 
forskolin. Consistent with this observation was the lack of detectable 
sodium-iodide symporter expression in TSHR-KO thyroid glands. 
Hence, by using the TSHR-KO mouse, we provided in vivo evidence, 
demonstrating that TSHR expression was required for expression of 
sodium-iodide symporter but was not required for thyroglobulin 
expression, suggesting that the thyroid hormone synthetic path- 
way of the mouse could be dissociated into TSHR-dependent and 
-independent steps. 

The glycoprotein hormone receptors, a subgroup within the 
heterotrimeric G protein-coupled receptor family, is com- 
posed of the receptors for the glycoprotein hormones: thyro- 
tropin (TSH), luteinizing hormone, and follicle-stimulating hor- 
mone. A large ectodomain and a small intracellular tail, relative 
to most other G protein-coupled receptors, characterize this 
subfamily of receptors. Sequence comparison of the TSH re- 
ceptor (TSHR) (1-3) with the other glycoprotein hormone 
receptors revealed that the TSHR was distinct from the other 
subgroup members in several potentially important aspects. The 
TSHR has two unique stretches of amino acids, one of 8 aa close 
to the amino terminus of the receptor and one of 50 aa toward 
the carboxyl end of the ectodomain. Also unique to the TSHR 
was a posttranslational cleavage phenomenon first described 
during earlier protein studies (4), which involved removal of the 
unique 50-aa insert, leaving most of the ectodomain (A or a 
subunit) tethered to the membrane-bound portion of the recep- 
tor (B or p subunit) by disulfide bonds (5, 6). 

Binding of TSH to the TSHR transmits the major trophic 
stimulus to the thyroid gland, as well as relaying the signals 
necessary for the production and release of thyroid hormones. 
TSH stimulation of the TSHR transcriptionally regulates the 
genes necessary for thyroid hormone synthesis, namely those of 
the sodium-iodide symporter (NIS) (7), thyroperoxidase (8), and 
thyroglobulin (Tg) (9). For these reasons, the TSHR can be 
regarded as the major regulator of thyroid function. 

Inactivating and activating somatic mutations in the TSHR 
have been reported in several species and are commonly found 
in thyroid tumors (10). In addition, genomic mutations have 
been reported in humans and mice. Inactivating mutations lead 



to the human syndrome of resistance to TSH, as first described 
in 1995 (11). The mutation which gives rise to the hypothyroid 
(hyt) mouse (12, 13) was also traced to a point mutation in the 
transmebrane region of the TSHR (14). 

In this study, we report the development and characterization 
of a TSHR knockout (TSHR-KO) mouse as a model system in 
which to examine the role of the TSHR in thyroid cell function. 
TSHR-KO mice were severely hypothyroid and presented with 
an abnormal thyroid histopathology. When placed on thyroid 
hormone replacement therapy from weaning, TSHR-KO mice 
were rendered euthyroid, resulting in fertile animals, providing 
an opportunity to examine residual thyroid cell function in the 
absence of the TSHR. By using the TSHR-KO mouse, we 
demonstrated in vivo that Tg transcription and translation are 
TSH-independent whereas Tg iodination is TSH-dependent. 

Materials and Methods 

Genomic DNA Cloning. A BAC 129Sv mouse genomic DNA library 
was screened by homology by Genome Systems (St. Louis) to a 
138-bp fragment of the murine TSHR (mTSHR) cDNA span- 
ning nucleotides 68-190 (exon 1). Three positive clones were 
identified. A 9-kb EcoRl fragment (clone 2E) containing exon 
1, 5.5 kb of upstream DNA, and 3.5 kb of intron 1, was selected 
for use as the foundation of the targeting vector. 

Assembly of Targeting Vector. An Xhol site was introduced 
into position 1 of mTSHR exon 1 coding sequence with the 
QuikChange site-directed mutagenesis kit (Stratagene), creating 
2El-Xho. pSVL (Amersham Pharmacia) was cut with Sail and 
blunted with T 4 DNA polymerase, which was then cut with 
EcoRl, removing all of the built-in SV40 sequences (ApSVL). 
An 8.2-kb Stul-EcoRl fragment of 2El-Xho was ligated into 
ApSVL, yielding pTV4. The 3.26-kb EGFP-neo cassette was 
removed from pEGFPNl (CLONTECH) with Xhol and Dral, 
which was then ligated into pTV4 (Xhol and Pmel), to yield the 
targeting vector, pK04 (Fig. L4). 

Embryonic Stem (ES) Cell Selection and Generation of Mutant Mice. 

The TSHR mutation was generated in W9.5 ES cells derived by 
C. Stewart from a substrain of 129/Sv-+p+Tyr-cMgfSl-J/+ 
mice (The Jackson Laboratory, catalog no. JR0090), which, 
however, were wild-type for the Steel locus (15, 16). The 1:151 
clone was identified as a homologous recombinant (Fig. IB). The 
positive clone (3A8) was injected into C57BL/6J blastocysts to 
generate male chimeric offspring. Three chimeras of >90% ES 
cell origin were bred to C57BL/6J females to assess germ-line 
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Fig. 1. (A) Targeting vector pK04 used to generate the TSHR-KO mouse, as 
described in Materials and Methods. Arrowheads indicate placement of geno- 
typing primers; p, TSHR promoter; open box, mTSHR exon 1; E, £coR1; PI, Pst-1. 
(fi) Southern blot of Pst-1 -digested ES cell DNA. ES cell clone 3A8 had the proper 
restriction fragment length polymorphism when detected with the 5' probe. (O 
Representative genotyping assay showing WT allele (557 bp) and knockout (ko) 
allele (574 bp). Both alleles are present in heterozygotes. Numbers below the 
genotype indicate the number of pups of that genotype resulting from heterozy- 
gous matings. (D) Growth rates of mice weaned at 3 weeks and fed a diet 
containing 100 ppm thyroid powder. #, WT; ■, h; ♦, TSHR-KO; O, TSHR-KO 
weaned onto the unsupplemented diet die within 1 week. *, P < 0.01. 

transmission of the mutation. The TSHR-KO line was derived 
from a single chimeric mouse. 

Animals and Animal Husbandry. All mice used were C57/B16J-129 
hybrids raised from heterozygous matings and were 6-8 weeks 
of age at use. Mice were maintained in light/dark cycles of 12:12 
h and were given water and fed ad libitum Pico Rodent Chow-20 
(Purina). The supplemented diet consisted of Pico Rodent 
Chow-20 supplemented with either 250 ppm desiccated thyroid 
powder (T250) or 100 ppm desiccated thyroid powder (T100), ad 
libitum (Purina). However, the T100 diet was subject to minor 
fluctuations in potency because the thyroid hormone content of 
various preparations of the thyroid supplement were not stan- 
dardized by the manufacturer. When indicated, mice were 
maintained on a supplemented diet for a minimum of 3 weeks 
before use. Mice were killed with CO2. All animal experiments 
were performed according to approved institutional protocols. 

Tissue Preparation and Microscopy. For histological analysis, tissues 
were fixed in formalin and paraffin-embedded by using standard 



protocols. For fluorescence microscopy, fresh tissues were fro- 
zen in aqueous media. Six-micrometer sections were cut and 
transferred to glass at -40°C (Cryo-Jane, Instrumedics, Hack- 
ensack, NJ), mounted in 50% glycerol, and GFP was determined 
as emission at 510-560 nm with excitation at 460-500 nm. 

Western Blotting. Thyroids were removed from the trachea and 
homogenized in 50 mM Tris-HCl, pH 7.5, with protease inhibitor 
mixture (GIBCO/BRL). Homogenates were cleared by centrifu- 
gation at 16 X g for 10 min at 4°C followed by centrifugation at 
100,000 X g at 4°C for 1 h to purify total cellular membranes. 
Membranes were suspended in homogenization buffer with soluble 
and membrane fractions stored at -70°C until use. For TSHR and 
NIS, 40 tig of membranes were resolved on SDS-9% polyacryl- 
amide gel, transferred to a poly(vinylidene dif luoride) membrane, 
and detected, in turn, by specific antibody [anti-TSHR: A10 was a 
kind gift from P. Banga, King's College, London (17); anti-NIS: 
anti-rat NIS antibody (18) was kindly provided by N. Carrasco, 
Albert Einstein College of Medicine]. For Tg and GFP, 20 /xg of 
soluble fraction was resolved on SDS-5% polyacrylamide gel and 
transferred to a polyvinyl idene dif luoride) membrane for detec- 
tion with antibody [iodine-specific anti-Tg antibody 42C3 (19), 
polyclonal sera raised against murine Tg, or anti-GFP peptide 
antibody (CLONTECH)]. Reactive bands were visualized with 
ECL-Plus (Perkin-Elmer). 

Genotype Determination. ES cell or mouse tail DNA was prepared 
by incubating at 56°C in PCR lysis buffer (50 mM Tris-HCl, pH 
8.0/20 mM NaCl/1 mM EDTA/0.2% SDS/100 /ig/ml protein- 
ase K). Southern Blot: 10 fig of DNA was digested with the 
appropriate restriction endonuclease and resolved on 0.8% 
agarose gel. Membranes were washed three times with 0. 1 X SSC, 
0.2% SDS at 65°C. PCR: Tissue sample was digested in 20 juJ of 
PCR lysis buffer, diluted with 200 yA of H 2 0, and heat-denatured 
for 5 min. Precipitated material was cleared by centrifugation 
and 4 /llI of the supernatant was used for PCR (50 jllI final volume, 
1.5 mM MgCl 2 , 150 ng of each primer (mTSHR7: CAGGGT- 
G G AG ACGCACACTC; proMOUSE-1: AGAGAGTCCCA- 
CAACAGTC; EGFPrev: TCGCCGTCCAGCTCGACCAG). 
Cycling parameters: 94°C, 45 s; 54°C, 45 s; 72°C, 50 s; 40 cycles). 

Thyroid Hormone Measurement. Blood was drawn postmortem by 
cardiac puncture and sent to the Mount Sinai Medical Center 
clinical endocrinology laboratory for total T3 and total T4 
measurement. Alternatively, total blood T4 was measured di- 
rectly from the tail (Neonatal T 4 kit, Diagnostic Products 
Corporation, Los Angeles) according to the manufacturer's 
instructions. 

Radioactive Iodide Uptake. Mice were administered 0.1 mCi/10 g 
body weight Na 125 I (Perkin-Elmer) i.p. and were killed 2 h after 
treatment. Tissues were immediately dissected and fixed in 
formalin before quantification in a y-counter. An Uptake Index 
(UI) was calculated based on the following formula: (cpm thyroid 
+ trachea /mass thyroid + trachea)) '(cpm liver /mass liver). 

Thyroid organ culture and forskolin treatment was performed 
as reported (20, 21), with some modifications. Thyroids from 
three WT or TSHR-KO mice were dissected, removed from the 
trachea, minced under sterile conditions, separated into two 
approximately equal portions, and incubated in 2 ml of DMEM/ 
Ham's F-12/MCDB131 (GIBCO/BRL), 2:1:1, supplemented 
with 227 /xM ascorbic acid, 5 /ig/ml human insulin (Novo- 
Nordisc, Copenhagen)/15 yM Nal, 0.1 mCi/ml 125 I" (Perkin- 
Elmer). Samples were incubated for 2 days at 37°C in a humid- 
ified, 5% CO2 incubator with 10 /xM forskolin or an equal 
volume of DMSO (vehicle control). After incubation, tissue 
pieces were collected, rinsed three times with cold PBS, and 
homogenized as for Western blotting. After centrifugation at 



Marians et a/. 



PNAS I November 26, 2002 | vol.99 | no. 24 | 1S777 



25 
20 

Serum 15 
T 4 (jig/di) io 

5 



FoldT 4 
increase 



E 























wt h ko ko 1 koR 



B 



Serum 
T 3 (ng/dl) 



UI 




D 





■10* 




10< 


Serum 




TSH 


10 1 


(mTJ/dl) 


10* 




to 1 







• r 










1 












.... y . . 











Wt 


h 


ko koR 






... ^ . ... 












"'" o"" 





wt 



ko 



ko 1 



40 
30 

UI 20 

10 
0 

Fig. 2. Thyroid function of TSHR-KO mice. (A) Total T4. (B) Total T3. (O TSH-induced increase in total T4. (D) Serum TSH. 1, TSHR-KO supplemented with 250 
ppm thyroid powder; R, TSHR-KO supplemented with 1 00 ppm thyroid powder; *,P< 0.001. A~C represent mean ± SD, n - 5. Thyroidal radioiodide uptake index 
(UI) in mice on normal diet (£); and mice onT100 diet (F). (E and f) data represent two to three experiments of two to three animals each; t, P < 0.01 . 




16 X g for 10 min at 4°C, total protein was measured by using 
Bradford reagent (Bio-Rad), and the amount of 125 I" incorpo- 
rated into trichloroacetic acid-insoluble lO-jug protein aliquots 
was quantified in a 7-counter. 

Serum TSH Determination and TSH Stimulation Test. Serum TSH was 
measured as described (22). Bovine TSH (Sigma, catalog no. 
T8931) was administered i.p. as described (23). TSH-stimulated 
T4 release was measured with the Neonatal T4 RIA kit (Diag- 
nostic Products Corporation). 

RNA Isolation and RT-PCR Analysis. Pooled thyroid tissue from five 
mice was homogenized in Trizol (GIBCO) and processed as 
directed. Poly(A) RNA was prepared from total RNA by using 
Oligotex spin columns (Qiagen, Chatsworth, CA). mRNA was 
reverse transcribed by using Superscript II reverse transcriptase 
(GIBCO). For the initial TSHR-specific PCR, cDNA was amplified 
with primer set 1 (150 ng each mTSHR 5: CCCACTGTTGGTA- 
CAACCC and mTSHR 8: GAGCCAGCAGACTGACAAACC; 
cycling parameters 94°C, 45 s; 59°C, 45 s, 72°C, 1 min; 25 cycles). 
The product of the initial PCR was diluted 11-fold and used as 
template for the nested PCR using the TSHR-specific primer set 2 
(150 ng each mTSHR4: TTCCAGCCGCTGCAGAGTTGC and 
mTSHR 2: GAGTGTGCGTCTCCACCCTG; cycling parameters 
94°C, 45 s; 61°C, 45 s, 72°C, 30 s; 25 cycles). A similar approach was 
used for PCR of GFP: primer set 1 (GFP-4: TTACTTGTA- 
CAGCTCGTCCATGCC and GFP-5: TGGTGAGCAAGGGC- 
GAGG; cycling parameters 94°C, 45 s; 61°C, 45 s, 72°C, 50 s; 25 
cycles); primer set 2 (GFP-1: CTCGTGACCACCCTGACC and 
GFP-2 GGTCACGAACTCCAGCAGG; 94°Q 45 s; 59°C, 40 s, 
72°C, 30 s; 25 cycles). Actin was amplified by using 150 ng each 
ACT1 (GACGAGGCCCAGAGCAAGAGAG) and ACT2 



(ACGTACATGGCTGGGGTGTTG): cycling parameters 94°C, 
45 s; 51°C, 40 s; 72°C, 30 s; 30 cycles. 

Statistical Analysis. Measurements were expressed as mean ± SO. 
Probabilities were calculated using Student's / test with signifi- 
cance set at P < 0.05. 

Results 

TSHR-KO Growth and Viability. Pups of heterozygous matings ap- 
peared normal at birth and litters had a genotypic ratio consistent 
with single-gene Mendelian inheritance (Fig. 1C), indicating that 
the TSHR null mutation did not lead to fetal loss and that the 
TSHR was not necessary for embryonic growth or viability. By 
weaning at day 21, TSHR-KO pups were severely runted, and 
TSHR-KO weanlings wasted and died within 1 week whereas the 
heterozygotes and wild-type mice continued to thrive (Fig. ID). The 
TSHR-KO mice could be rescued by extending the weaning time to 
28 days or by weaning at day 21 onto a diet supplemented with 
desiccated thyroid extract. On thyroid supplements, TSHR-KOs 
gained weight and became indistinguishable from their littermates 
within 3 weeks (Fig. ID). Mice rescued by prolonged weaning and 
maintained on normal diet survived but did not reproduce, whereas 
both male and female TSHR-KO mice were fertile when fed a diet 
supplemented with thyroid powder. 

Thyroid Function in TSHR-KO Mice Thyroid Function in TSHR-KO Mice. 

TSHR-KOs which were rescued by prolonged weaning and 
maintained on normal diet were severely hypothyroid, as judged 
by low serum T4 and T3 levels (Fig. 2 A and B) and elevated 
serum TSH [400-fold higher than wild type (Fig. 2D)], whereas 
heterozygous littermates had normal circulating thyroid hor- 
mone and TSH levels. When challenged with exogenous TSH, 
both wild-type and heterozygous mice responded by releasing 
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Fig. 3. Forskolin induced 125 l~ organification into thyroid protein. Three 
thyroids were minced, divided into four portions, and cultured with radioio- 
dide tracer for 2 days, with or without forskolin. Tissue was then homoge- 
nized, and equal amounts of protein were trichloroacetic acid-precipitated 
and quantified. These data were representative of three independent exper- 
iments, each counted in triplicate; *, P < 0.002. 

thyroid hormone into the circulation, whereas TSHR-KO mice 
failed to respond (Fig. 2C). When TSHR-KO mice were fed 
normal rodent diet with a high dose thyroid supplement (T250 
diet), the TSHR-KO mice became hyperthyroid (Fig. 2A) and 
their TSH levels were suppressed (Fig. 2D), indicating that the 
normal feedback mechanisms regulating thyroid hormone se- 
cretion remained intact. The hyperthyroidism was alleviated 
when the mice were switched to a diet containing a more modest 
thyroid supplement (T100 diet). 

TSHR-KO mice failed to concentrate radioactive iodide (RAI) 
in their thyroid glands. Within 2 h, wild-type and heterozygous mice 
had intrathyroidal RAI levels 40-fold higher than knock-outs (Fig. 
IE). As shown in Fig. IF, even the low-dose T100 diet completely 
suppressed RAIU into wild-type and heterozygous thyroids, mak- 
ing those glands behave as TSHR-KO thyroids. Signals transmitted 
through the TSHR, primarily in the form of cAMP, drive thyroid 
hormone synthesis and secretion, including transcription of the 
genes necessary for iodide organification. When cAMP was sup- 
plied to cultured TSHR-KO thyroids by forskolin (an adenylate 
cyclase agonist), they gained the ability to take up and organ ify 
iodide, as measured by trichloroacetic acid-precipitable 125 I-labeled 
protein (Fig. 3). 

A GFP reporter gene was incorporated into the KO-targeting 
construct. However, high concentrations of GFP can be toxic to 
transfected cells (24), so the possibility existed that expression of 
the reporter gene may have damaged GFP-expressing cells, 
altering normal physiology. We observed that the "green 
mouse," which ubiquitously expresses GFP under the control of 
the )3-actin promoter (25), had no detectable thyroid abnormal- 
ities (unpublished observations). Because the TSHR promoter is 
much weaker than the actin promoter, we would expect less GFP 
to exist in the TSHR-KO cells than in the green mouse cells, 
greatly diminishing the concerns of GFP toxicity influencing the 
TSHR-KO phenotype. 

Histology of the TSHR-KO Thyroid. Past studies have determined that 
TSH was not essential for thyroid follicle formation (26). Therefore, 
it was reasonable to expect that the TSHR-KO mice would have 
thyroid glands. When normalized to body weight, the TSHR-KO 
thyroids from nonreplaced mice were ^50% of the size of normal 
thyroids (body mass/thyroid mass X 10 5 ; WT, 16 ± 2.9; h: 14 ± 2.9; 
*ko, 9 ± 0.2; *, P < 0.005). TSHR-KO thyroids appeared to have 
fewer follicles and more non-follicle-associated cells within the 
gland than did wild type (Fig. 4 B and £>). The GFP reporter gene 
was detected in thyrocytes of heterozygous and TSHR-KO thyroids 
by fluorescent microscopy (Fig. 4 E and f). Individual follicles were 
also examined by scanning electron microscopy. TSHR-KO follicles 
appeared mostly normal, showing epithelial cells covered with 
microvilli (Fig. 4 G and H). 




Fig. 4. Histology of the TSHR-KO thyroid gland. (A-D) Hematoxylin/eosin- 
stained paraffin sections of WT (A and O and TSHR-KO (B and D) thyroids. 
Fluorescent microscopy of h (£) and TSHR-KO (f) thyroids for GFP reporter 
gene expression. Scanning electron micrographs of individual WT (G) and 
TSHR-KO (H) thyroid follicles. (Magnification: A and B, X100; C-F. X400; Gand 
H, X 1,500.) 



Thyroid-Related Gene Expression. Inactivation of the TSHR gene in 
TSHR-KO mice was confirmed by using nested RT-PCR. Primer 
mTSHR2 was homologous to a portion of the mTSHR DNA 
sequence deleted during assembly of the targeting vector and, 
therefore, not present in any message produced from the knock-out 
thyroid epithelial cells. A TSHR-specific band was detected in 
cDNA prepared from wild-type thyroids but not in knock-out 
thyroids (Fig. 5). The converse experiment revealed that the TSHR 
reporter gene, GFP, was transcribed in knock-out thyroids but not 
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Fig. 5. RT-PCR analysis of TSHR-KO thyroids, demonstrating that TSHR-KOs 
expressed GFP (TSHR reporter gene) message in lieu of full-length TSHR 
message; t, thyroid, I, liver; +, plasm id control for PCR; -, no reverse tran- 
scriptase control for reverse transcription. 
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Fig. 6. {A) Thyroid membranes immunoblotted proteins for TSHR and NIS; <, 
TSHR a subunit, <, NIS. (S) Thyroid cytosol immunoblotted for TSHR reporter 
gene GFP. R, mice on T100 diet. 



in wild-type thyroids (Fig. 5). The reporter gene was also translated 
as demonstrated by immunoblot of thyroid cytosol for GFP. GFP 
was present in the thyroids of TSHR-KO mice and in heterozygotes, 
but not in wild type (Fig. 6J9), verifying that GFP was expressed in 
thyroids under control of the TSHR promoter. 

Thyroid homogenates taken from TSHR-KO mice fed a 
normal diet were immunoblotted for several of the proteins 
involved in thyroid hormone synthesis, namely Tg, NIS, and 
TSHR. As shown in Fig. 6A, thyroids from untreated TSHR-KO 
mice did not express detectable amounts of the 65-kDa TSHR 
a subunit, whereas heterozygotes expressed approximately half 
as much as wild-type. The TSHR-KOs also failed to express the 
80- and 160-kDa NIS proteins, whereas the heterozygotes ap- 
peared to express both monomeric and dimeric forms of NIS, the 
relative abundances of which varied between preparations. De- 
spite the absence of TSHR, the TSHR-KO mice continued to 
express Tg, which was detected with polyclonal serum raised 
against purified wild-type murine thyroglobulin (Fig. 1A). In 
contrast, Tg was undetectable by using an iodine-dependent 
monoclonal antibody to murine Tg (19) (Fig. IB). These data 
suggested that TSHR-KO mice failed to scavenge iodide and 
iodinate Tg. After 3 weeks on the T100 diet, all mice, regardless 
of genotype, expressed Tg, but lost the ability to iodinate (Fig. 
7). Replaced mice also failed to express measurable amounts of 
TSHR or NIS (Fig. 6), These data provided in vivo evidence that 
NIS expression was dependent upon TSHR-mediated signals, 
whereas Tg expression was not. 

Discussion 

In this study, we describe the generation and characterization of 
a TSHR-KO mouse. Several lines of evidence were provided that 
the TSHR was deleted from the TSHR-KO mice: TSHR mRNA 
was undetectable by using a sensitive and specific nested RT- 
PCR system; reporter gene (GFP) mRNA was transcribed and 
translated in lieu of TSHR mRNA in the knock-outs; and TSHR 
protein was undetectable by Western blot of TSHR-KO thyroid 
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Fig. 7. (-4) Thyroid cytosol immunoblotted for whole Tg using polyclonal 
anti-Tg serum. (B) Thyroid cytosol immunoblotted for iodinated Tg using the 
iodine-specific monoclonal antibody 42C3. R, mice on the T100 diet were 
thyroid-suppressed and did not iodinate Tg. 



membranes. Despite being TSHR-deficient, the TSHR-KO pro- 
duced thyroglobulin. 

Several lines of hypothyroid mice are studied today, for 
example, the Snell Dwarf mouse (27), the cog mouse (28), and 
the hyt mouse (13). Of the preexisting models, the hyt mouse is 
the only model of hypothyroidism resulting from a TSHR 
mutation. The hyt mouse carries a point mutation in the 4th 
transmembrane domain of the TSHR, a change that rendered 
the TSHR-insensitive TSH stimulation but did not alter TSHR 
expression levels (14). The TSHR-KO mouse, however, did not 
express the TSHR and, therefore, had no residual signal trans- 
duction. Ligand-independent signals transmitted by the TSHR 
may also be physiologically important (29). The TSHR-KO 
mouse is a unique model for studying the affect of a true TSHR 
null mutation on normal physiology. 

Being unable to respond to pituitary TSH, the TSHR-KO mice 
were hypothyroid. Pups had delayed eye opening and growth 
retardation that was reflected in both weight and length, features 
common to other hypothyroid mouse models (12, 30). If weaned at 
the usual time, the mice wasted and died, perhaps as a result of the 
small intestine defect seen in the thyroid hormone receptor a 
(TRa) knockout mouse (31). However, TSHR-KO mice survived 
when the preweaning period was extended to day 28, or if weaned 
at day 21 onto a thyroid powder-supplemented diet. Furthermore, 
TSHR-KOs weaned at day 28 could be maintained on a normal diet 
without thyroid hormone supplement, suggesting that the normal 
rodent chow provided sufficient amounts of thyroid hormone for 
survival. Hypothyroid TSHR-KOs seemed to be as curious and 
active as their littermates but did not reproduce. In contrast, thyroid 
replaced animals had normal gross developmental patterns and 
were fertile, despite the absence of the TSHR. 

It has been shown previously that the TSHR elicited both 
protein kinase A and protein kinase C signaling cascades (32). 
In dog thyroid slices (33) and in the rat-derived FRTL-5 cell line 
(34), the predominant second messenger produced on TSHR 
stimulation was cAMP, whereas human thyrocytes exhibited 
both cAMP and Ca 2+ responses (35). In the present study, we 
demonstrated that TSHR-KO thyroids responded to forskolin 
(an adenylate cyclase agonist) by organ ifying iodide, consistent 
with cAMP being sufficient to drive murine thyroid hormone 
synthesis by the protein kinase A pathway. 

As seen in the hyt mouse, the TSHR-KOs were hypothyroid, 
and with hypothyroidism came a concomitant increase in serum 
TSH. The TSH produced by the TSHR-KO mice was biologically 
active, as evidenced by stimulating the generation of cAMP in 
CHO cells transfected with the hTSHR holoreceptor (data not 
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shown). Although the thyroid glands of the knockouts did not 
function normally, the pituitary feedback mechanisms regulating 
thyroid hormone production and release remained intact, as 
TSHR-KOs made hyperthyroid had suppressed TSH levels. 

In contrast to the hyt mouse, which retains the ability to 
concentrate iodide (36), radioiodide uptake into the glands of 
the TSHR-KO was not significant. Also, we were unable to 
detect NIS protein in the thyroids of TSHR-KO mice. In 
addition, wild-type and heterozygous mice on thyroid supple- 
mentation failed to express measurable amounts of NIS, indi- 
cating that their pituitary TSH was suppressed while on hormone 
replacement therapy, providing in vivo evidence that NIS tran- 
scription is TSH-dependent 

The ability of the TSHR-KOs to produce Tg in a noniodinated 
form was also consistent with the findings of several different 
studies. Developmentally, in mice, Tg transcription starts at E14.5 

(37) , before pituitary thyrotrophs produce functional TSH on E15.5 

(38) , making Tg transcription independent of TSH. In addition, we 
have previously shown that thyrocytes could be induced to form 
thyroid "organoids" in mice with suppressed TSH, giving rise to 
Tg-producing follicles (26). However, other studies suggested that 
TSH and, therefore the TSHR, was the major regulator of Tg 
transcription (9, 39). All of the afore-mentioned studies used either 
live animals (with presumably normal insulin and insulin-like 
growth factor levels) or were performed in cell culture with medium 
containing insulin. We now know that insulin/insulin-like growth 
factor-1 play an important role in Tg gene transcription (40, 41), 
making it clear that insulin/insulin-like growth factor-1 are potent 
stimulators of Tg production in the absence of TSH. Therefore, it 
was presumably insulin and insulin-like growth factor-1 that was 
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driving Tg production in the TSHR-KO mice. Estimating the 
amount of Tg produced by the different genotypes was not per- 
formed because iodinated Tg has been shown to be more immu- 
nogenic than noniodinated Tg (42-44). By using the TSHR-KO 
mouse as a model, we were able to demonstrate that thyroid 
hormone synthesis in mice is divided into aTSH-independent phase 
consisting of Tg synthesis, and a TSH-dependent phase consisting 
of Tg iodination ending in hormone production and release. 

By using the TSHR-KO mouse, we demonstrated that in vivo 
thyroid hormone production was TSH-dependent but Tg pro- 
duction was not. Additionally, thyroid hormone-replaced 
TSHR-KO mice seemed to develop normally, indicating that this 
model will allow the definition of the role of the TSHR in 
nonthyroidal tissues. 
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